To study the mechanism of meiotic recombination in Saccharomyces cerevisiae, we examined recombination in an interval where the majority of events are initiated at a single hotspot for DNA double-strand breaks (DSBs), with little or no expected contribution by outside initiation events. This interval contained infrequently corrected palindromic markers 300 bp to the left and 600 bp to the right of the DSB hotspot. Conversion of single markers occurred frequently, while conversion of both markers occurred rarely, and many of the tetrads in which both markers converted were the products of multiple events. These data indicate that most meiotic recombination intermediates are asymmetrically positioned around the initiating DSB, with a short (Ͻ300 bp) tract of heteroduplex DNA (hDNA) to one side and hDNA on the other side frequently extending 600 bp or more. One consequence of this asymmetry is the preferential concentration of crossovers in the vicinity of the initiating DSB.
I
N Saccharomyces cerevisiae and other organisms, recomthat make up the hDNA segregate at the first mitotic division after meiosis (reviewed by Petes et al. 1991) . bination between homologous chromosomes is required to ensure proper segregation of chromosomes If the mismatch is repaired, the marker will either be restored to parental (4:4) segregation or show full conduring meiosis (reviewed by Petronczki et al. 2003) . Recombination is initiated by DNA double-strand breaks version (6:2 or 2:6) segregation. In this article, the term "gene conversion" encompasses both PMS and full con-(DSBs) made by the meiosis-specific endonuclease Spo11 (Bergerat et al. 1997; Keeney et al. 1997) . DSB sites version. Gene conversion is often, but not always, associated with an exchange of flanking markers. Gene contend to occur in clusters 100-200 nt wide (de Massy et versions not associated with an exchange of flanking al. 1995; Liu et al. 1995; Xu and Petes 1996) ; these markers are referred to as noncrossovers (NCOs); events clusters will be referred to as DSB hotspots. After DSB that involve an exchange of flanking markers are reformation, break ends are resected to generate 3Ј singleferred to as crossovers (COs). strand tails (Sun et al. 1991; Nag and Petes 1993) .
The double-strand break repair (DSBR) model of It has been proposed that these single strands invade Szostak et al. (1983) , as modified by Sun et al. (1991) , homologous sequences and initiate DNA synthesis, ultipredicts that both NCOs and COs result from the resolumately forming joint molecules that contain two Hollition of a dHJ intermediate (Figure 1 ). COs are produced day junctions flanking a tract of heteroduplex DNA by cutting the two junctions in the opposite orientation, (hDNA; Szostak et al. 1983) . Evidence in support of while cutting in the same orientation gives rise to NCOs. this view comes from the isolation of double Holliday This model makes two significant predictions. First, junction (dHJ) intermediates from meiotic yeast cells hDNA will flank the DSB in both COs and NCOs, lead-(Collins and Newlon 1994; Schwacha and Kleckner ing to frequent bidirectional conversion and hDNA 1994) and the detection of hDNA in these intermediates present in two of the four meiotic products, which in (Allers and Lichten 2001b).
S. cerevisiae are present as spores in a tetrad ascus. In Gene conversion is a signal of the presence of hDNA. one spore, hDNA will be present to the left of the DSB, If unrepaired, a marker in asymmetric hDNA will segreand in the other spore, hDNA will be to the right. The gate in a 5:3 or a 3:5 ratio of parental alleles among second prediction is specific to CO products. The locathe eight strands of DNA present in the four haploid tion of the Holliday junctions (HJs) in the dHJ intermeproducts of meiosis. These are postmeiotic segregation diate as well as the direction of their resolution will (PMS) events, so named because the two DNA strands dictate the point where unconverted markers appear to exchange linkage. If a single marker is included in hDNA, and if the two HJs are resolved in the opposite 1 and 670 bp to the right of the HIS4 DSB hotspot, with only 3% of events being bidirectional. Gilbertson and Stahl (1996) observed more frequent co-PMS for markers 130 bp to the left and 190 bp to the right of the ARG4 DSB hotspot (55% of events that converted a marker in ARG4 were bidirectional), but the location of hDNA in these products did not fit a central prediction of the DSBR model-that both recombinant products should contain hDNA. Instead, products showing PMS for both markers contained hDNA in only a single spore, and the majority of these products contained hDNA in a configuration most consistent with initiation at a site other than the ARG4 DSB hotspot. Furthermore, the majority of PMS-associated crossovers mapped to the left of both markers in an interval that also contained the DED81 DSB hotspot. tak et al. 1983; Sun et al. 1991) . DSBs form and are resected
To detect hDNA and determine the timing of inter- amined ectopic recombination between dispersed reporter constructs inserted at HIS4 and LEU2. Heteroduplex DNA associated with NCOs appeared at least 30 marker and in half it will be to the left (discussed in min before hDNA associated with COs. Mutants that Gilbertson and Stahl 1996; for an illustration, see accumulate dHJs, such as those lacking the meiosis- Figure 5 ). This can be determined only in tetrads where specific transcription factor Ntd80 or the polo-like kithe relevant marker does not undergo full conversion nase Cdc5, displayed a decrease in the formation of CO (i.e., shows PMS). Both predictions can be tested by products but accumulated NCO products (Allers and examining patterns of gene conversion and crossing Lichten 2001a; Clyne et al. 2003) , indicating that forover in appropriately marked strains. mation of most NCO products does not depend upon Several studies have examined the patterns of gene dHJ resolution. These results led Allers and Lichten conversion in meiotic recombination. Schultes and (2001a) to propose separate pathways for the formation Szostak (1990) used frequently corrected markers of NCO and CO products. They suggested that NCOs flanking the ARG4 hotspot and found that, of events arise by a synthesis-dependent strand annealing (SDSA) involving conversion of a marker 600 bp from the hotpathway (Paques and Haber 1999), where one DSB spot center, about two-thirds also showed conversion of end invades the homolog and initiates DNA synthesis a marker 300 bp on the other side. This result seemed before being displaced and annealed with the other end to support the first prediction of the DSBR model-that of the DSB. They also suggested that the DSBR pathway, hDNA flanks the DSB hotspot. However, the region which generates dHJ intermediates, was involved priused in this study contained a second DSB hotspot in marily with CO formation. This accounts for the lack the DED81 promoter region, 2 kb away from the hotspot of NCO products with the hDNA pattern predicted by in the ARG4 promoter (Sun et al. 1989) . Events that the DSBR model and the appearance of NCO products initiated at the DED81 DSB hotspot could have proin the absence of dHJ resolution. NCO hDNA produced duced at least some of the observed co-convertants; othby single events in the SDSA pathway should be unidirecers could have been the products of secondary events tional and dHJ independent. The finding that mutants that have been suggested to be provoked by the action with defects in meiotic dHJ formation produce NCOs of mismatch repair on frequently corrected markers at normal frequencies (Bö rner et al. 2004 ) supports (Borts et al. 1990 .
the suggestion that most NCOs are produced by SDSA. Gilbertson and Stahl (1996) and Porter et al. Recently, Merker et al. (2003) examined conversion (1993) determined the location of hDNA in the prodof markers Ͻ250 bp from each side of the HIS4 DSB ucts of meiotic recombination initiated at the ARG4 and hotspot. In an effort to exclude events initiated at DSB HIS4 hotspots, respectively. These studies used palinsites other than the HIS4 hotspot, their analysis focused dromic markers, which frequently escape mismatch reon tetrads displaying gene conversion patterns that pair (Nag et al. 1989) , thereby increasing the frequency could have been produced by repair of a single DSB at of PMS and decreasing the likelihood of mismatchthe HIS4 hotspot, using the DSBR mechanism in Figure  repair -induced secondary events. Porter et al. (1993) 1. Of these, only 30% (16/56) were events where both markers displayed PMS. Many of these tetrads contained rarely observed co-PMS for markers 900 bp to the left NCO recombinants, suggesting that, in addition to unitributing to conversion of the palindromic markers. During allelic recombination, repression of DSBs at sites directional NCO products that arise by the SDSA pathway, bidirectional NCO products may also arise via the near the DSB hotspot present in the interval minimized contributions from other initiation sites. Data from DSBR pathway. Moreover, although Merker et al. (2003) did observe tetrads with patterns of bidirectional hDNA these two configurations are in agreement, indicating that flanking heterologies present in the ectopic system predicted by the DSBR model, their complete data set contains a greater number of tetrads that are most do not substantially bias the outcome of recombination. We find that bidirectional conversion of markers flankreadily explained as being the products of multiple events.
ing the DSB hotspot is infrequent and infer from these Each of the genetic studies summarized here was data that most meiotic recombination events involve at done in a system where events producing recombinants most a short tract of hDNA to one side of the DSB, could have initiated at more than one DSB hotspot, while hDNA on the other side can frequently extend making it difficult to unambiguously identify the initiabeyond 600 bp. This asymmetry, in combination with a tion site for a given conversion event. In some cases, possible resolution bias, results in a substantial concenmany events were excluded in the effort to consider tration of crossovers in the vicinity of the initiating DSB. only events initiated by DSBs at a single hotspot. To reduce these complications, we examined recombina-MATERIALS AND METHODS tion in an interval where most, if not all, events are initiated at a single DSB hotspot. To facilitate detection Strains and media: All diploid strains used in this study are of hDNA in the products, we placed poorly corrected SK1 derivatives (Kane and Roth 1974) . Table 1 ology prevents events initiated at outside sites from con-CCACACCCACTCTGCAG) derived from yeast teleomere sequences Genetic procedures and media were as described (Allers and Lichten 2001a). Tetrads were dissected on solid media containing 2% peptone, 1% yeast extract, 4% glucose, 0.004% adenine, 2% agar, pH 5.5, and spores were germinated at 30Њ. Spores carrying hphMX or natMX were selected by replica plating spore colonies to YPD plates containing 300 g/ml hygromycin B (Roche) or 100 g/ml nourseothricin (Werner BioAgents).
CO determination: A subset of the ectopic COs generates the same marker configuration as an allelic CO in the interval Figure 2 . The URA3-ARG4 interval was inserted at HIS4 (box with wavy which are deleted for the region between his4 and LEU2. After hatching) on one copy of chromosome III and at LEU2 (check-4 hr on YPD, the plate was replica plated to minimal media ered box) on the homolog. The two insert sites at HIS4 and plus 20 g/ml histidine and 30 g/ml lysine and incubated LEU2 are 17.9 kb apart in the SK1 strains used here. The at 30Њ overnight. If the original spore colony was bik1⌬ fus1⌬, marker configuration shown here is present in strain MJL2902, it did not mate with the tester strain and so did not grow on where the insert at HIS4 contains ura3-EcPalϩ104 and arg4-selective media. If the spore colony was BIK1 FUS1, it did mate EcPalϩ9. In strain MJL2870, the insert at LEU2 contains arg4-with the tester strain and the resulting diploid grew on selective EcPalϩ9 and the insert at HIS4 contains ura3-EcPalϩ104. (C) media.
Allelic recombination was examined between URA3-ARG4 inPulsed-field gel electrophoresis: Samples for pulsed-field gel tervals inserted at HIS4 on both copies of chromosome III. electrophoresis were prepared and run as previously described Homologs are distinguished by natMX (horizontally hatched (Borde et al. 1999) . box) or hphMX (vertically hatched box) insertions, ‫4.4ف‬ and Random spore analysis: Separate patches of strains MJL2959 8.4 kb from the center of the DSB hotspot, respectively. and MJL2976 were sporulated on plates containing 2% potassium acetate, 0.22% yeast extract, 0.05% glucose, and complete amino acid mixture (drop-out mix; Abdullah and for EcoRI (New England Biolabs) to determine the location Borts 2001) for ‫42ف‬ hr. Ascus-cell mixtures were resuspended of meiotic COs from MJL2959 and MJL2976. To map DSBs, in 500 l 1 m sorbitol, 10 mm EDTA, 50 mm KPO 4 (pH 7.5), DNA from meiotic cultures (Goyon and Lichten 1993) was 1% ␤-mercaptoethanol, and 1 mg/ml zymolyase 80T (ICN).
digested with 40 units XhoI (Roche) or with 10 units of EcoRI Following incubation at 37Њ for 15 min, the spores were pel-(New England Biolabs) in the recommended buffer suppleleted and resuspended in 1 ml 0.1% Tween-80. Spores were mented with 100 m spermidine. Digests were displayed on then sonicated until Ͼ90% were single spores as determined agarose gels, gel blots were probed with a 32 P-labeled ARG4 by microscopy. Appropriate dilutions were plated onto fresh fragment (ARGD, ϩ165-ϩ1413, relative to the ARG4 open YPD plates containing either 300 g/ml hygromycin B or 100 reading frame), and band intensities were quantified as deg/ml nourseothricin. After 2 days, at least 200 colonies were scribed (Allers and Lichten 2001b). washed off the plates with sterile water and DNA was isolated For fine-scale mapping of DSBs, 2 g of DNA was digested from the pooled spore colonies as described in Goyon and with 4 units of PpuMI (New England Biolabs) and 5 units Lichten (1993).
of BanII (New England Biolabs) in NEBuffer 4. DNA was Molecular analysis: Approximately 2 g of DNA was digested electrophoresed through 5% polyacrylamide (37.5:1 acrylfor 1 hr with 20 units EcoRI (New England Biolabs, Beverly, amide:bisacrylamide) in 0.5ϫ Tris-borate-EDTA buffer (Sambrook and Russell 2001) and electroblotted to Zeta-Probe MA) and 10 units SphI (Roche) in the recommended buffer ‫031ف‬ bp, ura3-EcPalϩ104 is 200-340 bp from a DSB Prior to hybridization, DNA on the membrane was denatured and arg4-EcPalϩ9 is 520-660 bp from a DSB.
by setting the membrane on filter paper saturated with 1.5 m We examined ectopic recombination in two diploid NaCl and 0.5 m NaOH for 15 min; the blot was then probed strains that differ only in their marker configuration.
as described (Liu et al. 1995 ) with a 32 P-labeled fragment Ϫ307-Ϫ80 nt relative to the ARG4 open reading frame. Size
MJL2902 contains both ura3-EcPalϩ104 and arg4-EcPalϩ9
markers on these gels contained digests of mitotic DNA from inserted at HIS4 ( Figure 2B ). In MJL2870, ura3-EcPalϩ104 S1898 is present at LEU2 and arg4-EcPalϩ9 is at HIS4. Cross- overs between the inserts occur in ‫%03ف‬ of tetrads in both strains (Table 2 ). In MJL2902 the gene conversion frequency (both PMS and full conversion events) of RESULTS ura3-EcPalϩ104 is 22%, somewhat greater than the 15% Recombination in the URA3-ARG4 interval is initiated observed in MJL2870 ( Table 2 ). The gene conversion from a single hotspot for DSBs: To determine the locafrequency for arg4-EcPalϩ9 is 14% in MJL2902 and 18% tion of hDNA in the products of meiotic recombination, in MJL2870. In both strains, roughly half of the gene we modified the system used previously by Allers and conversion events are associated with a CO (Table 2 ). Lichten (2001a) so that we could examine events initiAlthough unidirectional conversion of these palinated at a single DSB hotspot. This modified system condromes is frequent, co-conversion rarely occurs. In this sists of a 3.5-kb insert containing the URA3 and ARG4
work, we will refer to any tetrad with either PMS or full genes with 65 bp of yeast telomere sequences inserted conversion of ura3-EcPalϩ104 in one spore colony and between URA3 and ARG4 to create a strong DSB hotspot either PMS or full conversion of arg4-EcPalϩ9 in any of ( Figure 2A ). This sequence induces a strong meiotic the four spore colonies as having undergone co-conver-DSB hotspot when inserted elsewhere (White et al. sion, without prejudgment as to whether these are the 1993). The location and frequency of DSBs in the URA3-products of single or multiple events. Only 6% (50/ ARG4 interval inserted at HIS4 on both copies of chro-840) of tetrads from MJL2902 and only 5% (37/744) mosome III were mapped in a rad50S diploid (MJL2961, of tetrads from MJL2870 show such co-conversion (Ta Table 1 ), where DSBs are neither processed nor reble 2). On the basis of the gene conversion frequencies paired (Alani et al. 1990; Cao et al. 1990 ). Southern of the two markers, co-conversion as a result of two analysis reveals frequent DSBs in the vicinity of the teloindependent events would be expected to occur in 3% meric sequences ( Figure 3A) . In a rad50S diploid heteroof tetrads from both strains. zygous for inserts at HIS4 and at LEU2 (MJL2834; see
To further examine the likelihood that the majority below), DSBs occur in 16% of his4::URA3-ARG4 inserts of co-conversions result from multiple events, we examand 6% of leu2::URA3-ARG4 inserts (data not shown).
ined tetrads that showed PMS for both palindromes. This disparity in DSB frequencies for inserts at HIS4
These tetrads are most informative, since they contain and LEU2 has been observed previously, although its uncorrected hDNA on both sides of the DSB. From cause has not been identified (Allers and Lichten MJL2902 there were 23 such tetrads (for tetrad geno2001a). Fine-scale mapping using polyacrylamide gels types, see supplementary Appendix at http://genetics. reveals that the strong DSB is actually a cluster of at least org/supplemental/). Five of these tetrads cannot be four tightly spaced breaks, which occur over a region the products of single events involving either the DSBR of ‫031ف‬ bp immediately to the left of the telomeric (Figure 1 ) or the SDSA pathways, because the markers sequences ( Figure 3B ). Similar DSB clusters have been converted in opposite directions-one of the two palinobserved at other meiotic DSB hotspots (de Massy et dromic markers shows 3:5 segregation and the other al. 1995; Liu et al. 1995; Xu and Petes 1996) .
shows 5:3 segregation. Since strain MJL2902 contains Co-conversion of markers flanking the DSB occurs both mutant alleles on the same homolog, co-PMS rarely during ectopic recombination: To examine ecevents initiated by a single DSB should result in both topic recombination, we inserted the URA3-ARG4 remarkers segregating either 5:3 or 3:5. Three additional combination interval at HIS4 on one copy of chromotetrads are most likely the result of multiple events, some III and at LEU2 on the homolog ( Figure 2B ). because more than two spores within the tetrad show Because the interval is flanked by heterologous segene conversion of the palindromic markers. Of the 15 quences, recombination events within the interval are remaining tetrads, 8 show a pattern of hDNA predicted most likely initiated by the internal hotspot with miniby the DSBR model-one spore with hDNA on one side mal or no contribution from outside events. To detect of the DSB and another spore with hDNA on the other hDNA and score gene conversion associated with repair side of the DSB. Six of these are CO associated. There of the DSB, we inserted palindromes on both sides of are 7 other co-PMS tetrads, and these have hDNA in a the DSB hotspot at ϩ104 of the URA3 open reading single spore. Two of these show a cis PMS configuration, frame (ura3-EcPalϩ104) and at ϩ9 of the ARG4 open where parental contributions are on a single DNA strand reading frame (arg4-EcPalϩ9), as shown in Figure 2A .
on both sides of the DSB. This pattern of hDNA is also inconsistent with repair, by the mechanism shown in Because the DSB hotspot in this interval is spread over 3 psl and 1.9 ϫ 10 3 psl for MJL2961 and MJL3010, respectively (psl are units that represent phosphor signal intensity). About 30% of chromosomes III suffer breaks in the left arm in both MJL2961 and MJL3010; in MJL2961, two-thirds of these breaks map to the his4::URA3-ARG4 insert. The trace for MJL3010 is broken to account for the absence of an insert at HIS4. The position of the recombination interval relative to the centromere is indicated on the schematic; size markers (lane not shown) were a HindIII digest of bacteriophage DNA and DNA concatamers. Figure 1 , of a DSB from the central hotspot, and thus ARG4 interval on other DSB sites along the left arm of chromosome III, we performed pulsed-field gel analysis may be the product of multiple events. The remaining five tetrads contain hDNA in a single spore with parental of meiotic DNA from MJL2961, which contains the URA3-ARG4 interval at HIS4 on both homologs, and contributions on opposite strands, i.e., a trans configuration. Four of these are nonrecombinant for flanking from MJL3010, which does not contain the interval. DSBs at sites near the hotspot were reduced as much markers and are thus compatible with topoisomerasemediated unwinding of dHJ intermediates (Gilbertas fourfold relative to MJL3010 ( Figure 3C ), so that the majority of the DSBs in a 20-kb region centered around son and Stahl 1996). Thus, of the 23 co-PMS tetrads from MJL2902, only 8 show the hDNA pattern predicted his4::URA3-ARG4 occur at the hotspot. This strong repression of nearby breaks made it possible to examine by the classic DSBR model (Figure 1) . Similarly, 17 tetrads from MJL2870 show co-PMS. Six are most likely recombination in strains containing allelic his4::URA3-ARG4 inserts, with the expectation that most events were multiple events, as described for MJL2902. Five tetrads show the pattern of hDNA predicted by the DSBR model initiated by the DSB hotspot within the URA3-ARG4 interval. and three of these are CO associated.
Co-conversion is infrequent during allelic recombinaTo distinguish COs from NCOs, strains in which one copy of chromosome III was marked with natMX (which tion: When sequences containing a strong DSB site are inserted at HIS4, they cause a reduction in DSBs at confers nourseothricin resistance) and the homolog was marked with hphMX (which confers hygromycin B resisnearby sites Fan et al. 1997;  T.-C. Wu and M. Lichten, unpublished results). To tance) were constructed. The natMX and hphMX inserts are located ‫4.4ف‬ kb to the left and 8.4 kb to the right examine the effect of the DSB hotspot within the URA3- ura3, ura3-EcPalϩ104; arg4, arg4-EcPalϩ9 ; ABS, total aberrant segregation events/total tetrads; CO/ABS, fraction of tetrads showing aberrant segregation that is crossover associated; PMS/ABS, fraction of tetrads showing aberrant segregation where the palindromic marker shows PMS; co-conv, fraction of tetrads showing co-conversion.
a The interval for the ectopic crosses MJL2902 and MJL2870 is URA3-ARG4. For MJL2936, MJL2957, and MJL2959 the interval is natMX-hphMX. The number in parentheses is the total number of tetrads with a CO in the specified interval.
b 7:1, 1:7, 8:0, 0:8, and aberrant 4:4, 5:3, 3:5, 6:2, or 2:6 segregation patterns (see supplementary material at http:/ /genetics.org/ supplemental/ for details). Calculations of ABS frequencies assume that these were produced by two independent conversion events.
c The number in parentheses is the number of tetrads that showed co-conversion as defined in the text. d Data from MJL2936 and MJL2957 were summed.
of the DSB hotspot. The chromosome marked by natMX similar to that seen for the ectopic recombination events: unidirectional conversion is frequent while cocarried ura3-EcPalϩ104 and arg4-EcPalϩ9 ( Figure 2C ). DSB mapping in a rad50S strain with this marker configconversion is not. Gene conversion of ura3-EcPalϩ104 occurs in 31% of tetrads and 18% of tetrads have a gene uration (supplementary Figure 1 at http://www.genetics. org/supplemental/) confirmed that most breaks in an conversion at arg4-EcPalϩ104. Roughly half of the gene conversion events are CO associated (Table 2) . Co-con-‫-42ف‬kb region occurred at the URA3-ARG4 DSB hotspot. The next closest DSB site was at the natMX insert, version of both ura3-EcPalϩ104 and arg4-EcPalϩ9 occurs in 8% of tetrads; the frequency expected for two 4.4 kb to the left of the URA3-ARG4 DSB hotspot, with ‫%4.2ف‬ of chromosome IIIs broken; no DSBs were deindependent events is 6% of tetrads.
A total of 24 tetrads show co-PMS for the two palintected at the hphMX insertion or for at least 13 kb to the right of the URA3-ARG4 DSB hotspot (supplementary dromic markers, and 9 of these are clearly multiple events (for criteria, see discussion of MJL2902 above). Figure 1 at http:/ /www.genetics.org/supplemental/). In addition, frequencies of DSBs at the URA3-ARG4 DSB Of the remaining 15 tetrads, only 6 have the pattern of hDNA predicted by the DSBR model, and 4 of these hotspot were not substantially altered either by the presence of the palindromic markers or by the presence of are CO associated. The 9 other co-PMS tetrads show PMS for both palindromic markers in a single spore; of the drug-resistant insert markers (data not shown).
To examine patterns of allelic gene conversion, gethese, only 2 contain hDNA in the trans NCO configuration that might be produced by topoisomerase-resolunetic data from two diploid strains, MJL2936 and MJL2957, were pooled. These two strains differ only by tion of a dHJ intermediate. Thus, as was the case for ectopic recombination, the majority of allelic co-PMS an SphI restriction enzyme site polymorphism (RSP) upstream of HIS4 that is absent in MJL2957. This RSP products do not have structures predicted by the DSBR model ( Figure 1 ). was used for physical mapping of exchanges (see below) and did not have a significant effect on conversion of Exchange is preferentially located near the DSB: In COs that are associated with PMS, as well as those that ura3-EcPalϩ104 or arg4-EcPalϩ9 (Table 2 ; chi-square test). The pattern of allelic gene conversion of the palinare not associated with conversion of the palindromic markers, the exchange point (the point where uncondromic markers in the URA3-ARG4 interval at HIS4 is Figure 2 . (A) In the ectopic recombination system, the exchange point can be located in one of three intervals defined by flanking heterology (wavy and checkered boxes) and by the two palindromic markers (lollipops). The size (in kilobases) and frequency of exchanges mapped to the interval (percentage of crossover tetrads) are given below the schematic; crossover intensity (centimorgans per kilobase) in each interval is given in the bar graph above. The average crossover intensity for chromosome III is 0.48 cM/kb (Cherry et al. 2002) . Values reflect combined data from MJL2902 and MJL2870. The frequency of exchange (crossover tetrads/total tetrads) in intervals I, II, and III is 3%, 14%, and 8% for MJL2902 and 3%, 17%, and 7% for MJL2870. An additional 3% of combined tetrads had an exchange that could have occurred in either interval I or interval II; an additional 4% of combined tetrads had an exchange that could have occurred in either interval II or interval III. (B) In the allelic recombination system, intervals I and III are subdivided by restriction enzyme site polymorphisms for EcoRI (E) and SphI (S) as described in the text. "Genetic" refers to the frequency of tetrads with exchange that mapped to intervals I, II, and III; values reflect combined data from MJL2936 and MJL2957. An additional 5% of tetrads had an exchange that could have occurred in either interval I or interval II, and an additional 3% of tetrads had an exchange that could have occurred in either interval II or interval III. "Molecular" refers to the frequency of tetrads expected to have an exchange in the subintervals Ia, Ib, IIIa, and IIIb, as calculated from physical analysis of DNA from random spores (see text). The bar graph shows the crossover intensity (centimorgans per kilobase) in each of the five intervals. Values for intervals Ia, Ib, IIIa, and IIIb were calculated from molecular data and, for interval II, from tetrad analysis. (C) Physical analysis of DNA isolated from either nourseothricin-resistant (NOU) or hygromycin-B-resistant (HYG) spore colonies of MJL2976. The schematic represents the marker configuration in this strain: one of the homologs is marked by natMX (horizontally hatched rectangle) and contains arg4-EcPalϩ9 at HIS4. The other homolog is marked by hphMX (vertically hatched rectangle). Intervals Ib and II cannot be distinguished because ura3-EcPalϩ104 is absent. DNA was isolated from a pool of at least 200 colonies, digested with EcoRI (E) and SphI (S), and fragments were probed for ARG4 sequences downstream of the palindromic marker. From nourseothricinresistant spore colonies of MJL2976, the 9.3-kb fragment results from COs with the exchange point in interval Ia; the 6.6-kb fragment is from an exchange in interval Ib, II, or gene conversion of arg4-EcPalϩ9 associated with an exchange in interval IIIa; the 4.7-kb fragment results from COs with an exchange point in interval IIIa; the 4.4-kb band is the NCO product; and the 2.6-kb band is the parental fragment. From the hygromycin-B-resistant colonies, the 9.3-kb band is the parental fragment; the 6.6-kb band results from exchanges in interval Ib, II, or gene conversion of arg4-EcPalϩ9 associated with an exchange in interval IIIa; the 4.7-kb band is from COs with exchange in interval IIIa or gene conversion of the SphI site; and the 2.6-kb band is the result of COs with exchange in interval IIIb. The source of the contaminant (?) in the NOU lane is unknown. (D) Physical analysis of DNA isolated from either nourseothricin-resistant or hygromycin-B-resistant spore colonies of MJL2959, analyzed as in C. This strain contains ura3-EcPalϩ104 at HIS4 on the homolog marked with natMX. Intervals II and IIIa cannot be distinguished because arg4-EcPalϩ9 is absent. From nourseothricin-resistant spore colonies, the 9.3-kb fragment results from exchanges in interval Ia; the 6.6-kb band is the result of exchanges in interval Ib; the 5.6-kb band results from exchanges in II, IIIa, or gene conversion of the SphI site; the 4.4-kb band is the NCO product; and the 2.6-kb band is the parental fragment. From the hygromycin-B-resistant colonies the 9.3-kb band is the parental fragment; the 7.1-kb fragment results from gene conversion of the SphI site; the 6.6-kb band results from gene conversion of ura3-EcPalϩ104 associated with exchange in intervals IIIa and II or from a CO in interval Ib; the 5.6-kb band results from gene conversion of ura3-EcPalϩ104 exchanges in intervals II or IIIa; and the 3.5-kb band results from exchanges in interval IIIb. SphI RSP to hphMX (4.9 kb), respectively ( Figure 4B ). Ib, II, and IIIa in Figure 4B ) that more closely approxi- EcoRI site in HIS4. This strain and MJL2936 show similar gene conversion frequencies for the palindromic marker (Table 2) . Thus, neither of the RSPs markedly affects gene verted markers appear to exchange linkage) can be conversion of ura3-EcPalϩ104 or arg4-EcPalϩ9. mapped to specific intervals on the basis of the pattern
The distribution of exchange in intervals Ia, Ib, IIIa, of exchange of flanking markers relative to palindromic and IIIb was determined by molecular analysis of DNA markers. There are three genetic intervals in the ectopic from the meiotic products of MJL2959 and MJL2976, recombination system: interval I is to the left of ura3-using the flanking EcoRI and SphI RSPs in combination EcPalϩ104, interval II is between ura3-EcPalϩ104 and with the EcoRI sites introduced by the ura3-EcPalϩ104 arg4-EcPalϩ9, and interval III is to the right of arg4-and arg4-EcPalϩ9 alleles. DNA was isolated from pools EcPalϩ9 ( Figure 4A ). The exchange point in ectopic of at least 200 spore colonies that were selected to be COs could be mapped to one of these three intervals resistant to either nourseothricin or hygromycin B. The in 212 tetrads from MJL2902 and in 199 tetrads from DNA was digested with EcoRI and SphI, and Southern MJL2870 (Table 3 and Figure 4A ). COs associated with blots of the resulting fragments were probed with ARG4 a full conversion of either of the palindromes cannot sequences downstream of the palindromic marker (Figbe mapped to a single interval and so were not considure 4, C and D). By this method, we estimate that 11% ered in this analysis. There are roughly twofold more and 3% of tetrads display exchange in intervals Ia and exchanges in interval III than in interval I. The 0.9-kb Ib, respectively. Similarly, we estimate that 7% of tetrads interval II, which contains the DSB hotspot, contains display exchange in interval IIIa and 4% in interval IIIb. the majority ‫)%06ف(‬ of the exchanges that can be These values are in agreement with the frequencies of mapped to one of the three intervals in the 3.5-kb URA3-exchange in interval I (16%) and interval III (12%) ARG4 region. The crossover density (crossovers per unit determined by genetic analysis ( Figure 4B ). The distriof physical distance) in this central interval is four to bution of exchange in the three central intervals (Ib, II, six times greater than that in the other two intervals and IIIa) is similar to that seen in the ectopic configuration (compare Figure 4, A and B) . In particular, 20% of tetrads ( Figure 4A ).
(102/512) contain crossovers where the exchange maps to the central interval II (Table 3) , an exchange density that is more than fivefold greater than the exchange density seen in flanking intervals ( Figure 4B ). The similar exchange-density maps seen in both ectopic and allelic configurations indicates that the preference for DSB-proximal exchange (COs where the exchange point is between the two palindromic markers) is not due to a restriction of branch migration imposed by the extensive flanking heterology present during the ectopic recombination.
The above conclusion assumes that gene conversion of the RSPs or co-conversion of a RSP with a palindromic marker did not appreciably contribute to recombinants detected by the molecular analysis. We believe that both types of events are rare. For MJL2959, nourseothricinresistant spore colonies that co-convert the EcoRI RSP and ura3-EcPalϩ104 will yield a 7.1-kb fragment in the molecular analysis shown in Figure 4D . This band is not detected (Ͻ0.3% of total DNA). The same 7.1-kb band among hygromycin-B-resistant colonies could be the product of either a full gene conversion event in which the hphMX marked chromosome gains an SphI restric- 
Contribution of different dHJ resolution modes to exchange point location:
According to the DSBR model (Figure 1) , the exchange point in CO products should gene conversion of ura3-EcPalϩ104, the exchange point always be located at the end of a hDNA tract that starts at will be either distal (to the left of the marker, type I the DSB itself. In the case of unidirectional conversions, resolution) or DSB proximal (to the right of the marker, which compose the majority of events that we observed, type 2 resolution). If the two types of resolution occur one HJ should be located DSB proximal to the conat equal frequencies, then an equal number of DSBverted marker while the other should be DSB distal to proximal and DSB-distal COs are expected to accomthe converted marker on the side of the converted pany PMS for a marker. We examined tetrads with COmarker opposite from the DSB (Figure 5 ). If we consider associated PMS of either ura3-EcPalϩ104 or arg4-EcPalϩ9 an intermediate in which only the arg4-EcPalϩ9 marker and determined the position of the exchange point is located in hDNA, COs produced by cutting the stands relative to the unconverted markers. In both ectopic opposite the newly synthesized DNA (type 1 resolution and allelic crosses, PMS-associated DSB-proximal COs in Figure 5 ) results in the exchange point being located (type 2 resolution) were present in excess of DSB-distal DSB distal, to the right of arg4-EcPalϩ9. If the junctions COs (type 1 resolution), but only in one case (MJL2902) are resolved by cutting the strands containing the newly did proximal vs. distal values differ significantly from synthesized DNA (type 2 resolution in Figure 5 ), the equivalence (Fisher's exact test, P Ͻ 0.005). However, exchange point will be located proximal to the DSB, to the left of arg4-EcPalϩ9. Similarly, for CO-associated when our data are taken in aggregate, 68% of COs (96/142) display type 2 vs. type 1 resolution, a value and direction of mismatch correction and that gene significantly different from equivalence (Fisher's exact conversion patterns for such markers accurately reflect test: P Ͻ 0.005) and similar to that calculated for gene underlying patterns of hDNA. conversion of markers in the HIS4 gene itself (67%;
Other studies: Although others have examined the Foss et al. 1999) .
pattern of gene conversion resulting from meiotic reWe also observed tetrads where the exchange point combination, each of those studies used a system in is separated from the converted marker by an unconwhich more than one initiation site was present. Both verted marker, but still involves the gene-converted Schultes and Szostak (1990) and Gilbertson and chromatid. For example, two tetrads from MJL2902
Stahl ( 1996) examined gene conversion of markers show PMS for arg4-EcPalϩ9, with the exchange point flanking the ARG4 DSB hotspot, and both obtained located downstream of the unconverted ura3-EcPalϩ104 evidence for frequent co-conversion. While this has in interval I ( Figure 5 ). Possible origins for this class of been interpreted as indicating that many of the events products will be discussed below. Its frequency ‫%4ف(‬ that initiated at the ARG4 DSB hotspot were bidirecof conversion tetrads) is not significantly greater than tional, the possibility that some co-conversion events that expected for independent events ‫%3ف(‬ on the were initiated at a second DSB hotspot, located ‫2ف‬ kb basis of crossover frequencies in nonconversion tetrads; away in the DED81 promoter (Sun et al. 1989) , cannot P ϭ 0.15, one-tailed Fisher's exact test).
be eliminated. Furthermore, a substantial fraction of the co-conversions that Gilbertson and Stahl (1996) detected have marker configurations consistent with DISCUSSION derivation from events that initiated at DED81 and proCo-conversion of markers flanking the DSB hotspot is ceeded unidirectionally through the two markers. Gilinfrequent: We examined the pattern of hDNA resulting bertson and Stahl (1996) used poorly corrected palinfrom meiotic recombination initiated at a single DSB dromic markers and thus were able to determine the hotspot with little or no expected contribution from pattern of hDNA present in the recombination products initiation events occurring outside the interval. We find of a subset of tetrads. Only a minor fraction of the cothat bidirectional conversion occurs infrequently when PMS tetrads that they observed had the pattern of hDNA the markers examined are ‫003ف‬ and 600 bp from the predicted for events initiated at the ARG4 DSB hotspot DSB hotspot. In both allelic and ectopic recombination, and proceeded as predicted by the DSBR model in Figthe fraction of tetrads displaying simultaneous converure 1. That is, only 4/108 co-PMS tetrads showed PMS sion of ura3-EcPalϩ104 and arg4-EcPalϩ9 was only for a marker on one side of the ARG4 DSB in one spore slightly greater than that predicted for independent and PMS for the marker on the other side of the DSB events (allelic, 8% vs. 6%; ectopic, 6% vs. 3%). Morein a different spore. over, patterns of hDNA in tetrads with PMS for both
The pattern of co-conversion from recombination markers infrequently corresponded to those predicted events initiated at the HIS4 DSB hotspot has also been by the DSBR model (13/40 and 6/24 for ectopic and examined. Porter et al. (1993) found that only a small allelic configurations, respectively) while a similar fracfraction of events initiated by breaks at this hotspot tion (14/40 and 9/24) were unambiguously the product resulted in co-conversion of markers 670 bp to the right of multiple events. We therefore believe it likely that, at and 900 bp to the left of the hotspot. We find that when this recombination hotspot, most co-conversion tetrads hDNA to one side of the DSB is Ͼ600 bp, hDNA on result from independent events rather than from true the other side does not extend beyond 300 bp. Recently, bidirectional conversion and that the majority of conver- Merker et al. (2003) examined co-conversion of marksion events (at least 80% and possibly Ͼ90%) initiated ers closer to the HIS4 DSB hotspot-140 bp to the left at this DSB hotspot are unidirectional, involving gene and 240 bp to the right. They also observed frequent conversion of only one of the two markers that flank unidirectional conversion and concluded that initial the initiating DSB.
strand invasion was shorter than the length of resection. In the simplest terms, this finding would imply that They observed a greater frequency of bidirectional conheteroduplex DNA formation is similarly unidirecversion than we did, although some of these events tional. Other interpretations that involve bidirectional could have been produced either by two independent heteroduplex formation coupled with near-obligate resinitiations or by events initiated elsewhere. In their toration of markers on one side of the break by a misstudy, 30% (16/56) of tetrads classified as products of match correction system that is MSH2/MLH1 indepensingle events showed a marker pattern consistent with dent and that corrects palindrome mismatches at high the distribution of hDNA predicted by the DSBR model. efficiency (Foss et al. 1999; Hoffmann et al. 2005) have
Since the palindromic markers used by Merker et al. been proposed. While such mechanisms are not ex- (2003) are located closer to the DSB hotspot than the cluded by current data, we will assume in the remainder markers used in our study, their detection of more freof this discussion that all molecules with a palindrome in hDNA are treated equally with regard to likelihood quent co-conversion would indicate that the initial inva- sion is sometimes Ͼ140 bp, while our data indicate that dromes, which contains the initiating DSB, without associated conversion of either marker. These findings supinvasion is most often Ͻ300 bp.
Relationship between DSB end resection and hDNA port the suggestion that the average amount of hDNA formed during meiotic DSB repair is significantly less formation: 5Ј-3Ј resection from the ARG4 DSB is ‫054ف‬ nt or more in two-thirds of broken chromosomes (Sun than the amount of single-strand DNA formed by resection, a conclusion also supported by electron-microset al. 1991) . At HIS4, DSBs are resected by ‫006ف‬ nt (Nag and Petes 1993). We have also examined resection at copy-based measurements of interjunction distances in dHJ intermediates (Bell and Byers 1983) . Below, we the DSB site in our interval and find that the majority of breaks are resected Ͼ500 bp (data not shown). On consider two ways in which this could occur, focusing on events in which arg4-EcPalϩ9 is converted. the basis of these measures, most of the DSBs at the hotspot within the URA3-ARG4 interval should be reInitial strand invasion is short: Figure 6A presents a model in which the single-strand tail containing ura3-sected beyond ura3-EcPalϩ104, which is ‫003ف‬ bp from the DSB. We expect that many are also resected beyond EcPalϩ104 invades the homolog and initiates DNA synthesis that extends past the site of arg4-EcPalϩ9. Heteroarg4-EcPalϩ9, 600 bp from the DSB. Tetrads with conversion of arg4-EcPalϩ9 must have been produced by events duplex DNA will thus be present at arg4-EcPalϩ9 in CO products and in NCO products, the latter irrespective where hDNA extended at least that distance. In the majority of such tetrads, ura3-EcPalϩ104 is not conof whether they are formed by SDSA (steps 7 and 8 in Figure 6A ) or by the unwinding of a dHJ intermediate verted. This indicates that, in single events where hDNA extends at least 600 bp from the initiating DSB in one (step 6 in Figure 6A ). For ura3-EcPalϩ104 to be present in hDNA, at least in CO products, the initial strand direction, it rarely extends 300 bp in the other direction. Additional data consistent with short hDNA tracts are invasion must be Ͼ300 bp. The frequent failure of this marker to be included in hDNA when arg4-EcPalϩ9 provided by the finding that many ‫%03ف(‬ of ectopic and ‫%02ف‬ of allelic) crossovers map to the interval is present in hDNA would indicate that initial strand invasion is Ͻ300 bp and thus less than the length of between the ura3-EcPalϩ104 and arg4-EcPalϩ9 palin-resection. This conclusion-that the length of resection been suggested that nicks or small gaps at the end of the tract of DNA synthesis might direct junction resolution does not determine the length of strand invasion-was also reached by Merker et al. (2003) . (Foss et al. 1999) . Such nicked or gapped structures (step 3 in Figure 6 , A and B) have been proposed as a Strand invasion is long: Figure 6B presents a model in which initial strand invasion is Ͼ600 bp and incorposubstrate for crossover formation by the Mus81/Mms4 nuclease (Osman et al. 2003 ; Hollingsworth and rates arg4-EcPalϩ9 in hDNA. Parental segregation of ura3-EcPalϩ104 would occur if the tract of DNA syntheBrill 2004). However, this nuclease recognizes the free 5Ј-end at a flap junction or gap and nicks within the sis using the homolog as a template was Ͻ300 bp. This latter mechanism is consistent with the structure of the duplex five nucleotides upstream on the flap-containing strand (Bastin-Shanower et al. 2003) . While this would single end invasion (SEI) intermediates reported by Hunter and Kleckner (2001) in that the 3Ј-end of resolve the DSB-distal junction (the HJ to the right of the palindrome in hDNA in Figure 5 ) in a manner these three-arm intermediates does not show extensive DNA synthesis. Such intermediates could not produce consistent with our observations, we predict that the DSB-proximal junction (the HJ between the palin-NCO gene conversions of arg4-EcPalϩ9 by an SDSA mechanism (steps 7 and 8 in Figure 6B ), although these dromes in Figure 5 ) would be much more than five nucleotides from the free 5Ј-end created by resection could still be produced by topoisomerase-mediated dHJ unwinding (step 6 in Figure 6B ), as suggested by Gil-(which is at least 500 bp from the DSB; data not shown) and thus should not be a substrate for Mus81/Mms4 bertson and Stahl (1996). Topoisomerase-mediated unwinding of dHJ intermediates would produce a single endonuclease cleavage. Furthermore, our observation of a substantial number of type 1 resolutions would meiotic product with markers flanking the DSB site in a trans heteroduplex configuration ( Figure 6A , step 6).
indicate that nick-directed cutting cannot be the only mechanism for Holliday junction resolution. Such bidirectional conversion products are detected, but only in a small minority of total conversion tetrads
We observed a few crossover tetrads where the point of exchange was separated from the marker showing (Gilbertson and Stahl 1996; Merker et al. 2003 ; Hoffmann and Borts 2005; this study). Since the ma-PMS by an unconverted marker. The low frequency at which such crossovers are recovered among gene jority of the NCO events that we and others (Porter et al. 1993; Merker et al. 2003 ) observe appear to include conversion tetrads (only slightly more than expected for two independent events) indicates that neither can only one marker in heteroduplex, our data do not address the likelihood of SDSA vs. dHJ unwinding. Argube a major pathway for meiotic crossover formation at this locus. However, in a substantial fraction of crossover ments disfavoring dHJ unwinding as the predominant mechanism of NCO formation are provided by recent tetrads, neither marker displayed conversion and the point of exchange was separated from the DSB hotspot findings that both SEI and dHJ intermediates are on a crossover-predominant pathway (Hunter and Kleckby an unconverted marker (in Table 3 , 22% of ectopic crossovers and 33% of allelic crossovers, corresponding ner 2001; Bö rner et al. 2004) and that NCOs form at wild-type levels in mutants that fail to make either SEIs to 7% and 19% of total tetrads, respectively). There are several possible ways in which such crossovers, which we or dHJs (Bö rner et al. 2004) as well as in mutants that accumulate unresolved dHJs (Allers and Lichten 2001a; will term remote crossovers, might arise. Using rad50S strains, we did not detect enough DSBs at sites other Clyne et al. 2003) .
Modes of dHJ resolution: According to the DSBR than the URA3-ARG4 DSB hotspot to account for the number of crossovers observed (see Figure 3 and supplemodel, COs are formed by dHJ resolution in which the two HJs are cut in opposite directions. Two possible COmental Figure 1 at http://www.genetics.org/supplemen tal/). However, contributions from DSBs or other leproducing resolution modes are possible. In one (type 1 in Figure 5 ), strands ending 3Ј at the original DSB sions not detected in rad50S mutants cannot formally be excluded. Alternatively, remote COs might arise from (and their cognate strands on the other partner) are cut; in the other (type 2 in Figure 5 ), strands ending repair of DSBs formed at the URA3-ARG4 hotspot accompanied by bubble migration, strand-displacement-5Ј at the original DSB are cut, either near or within regions of newly synthesized DNA (dotted lines in Figmediated crossing over, or other mechanisms that move strand exchange structures away from an initiation site ure 5). Thus, the strands cut during formation of a crossover can be inferred from the position of the exwithout creating intervening hDNA (Allers and Lichten 2001b; Smith 2001; Young et al. 2002) . Such apparchange point relative to the hDNA formed, and any bias in resolution will be revealed as an unequal recovery of ent remote COs can also be produced by the DSBR mechanism outlined in Figure 1 , if dHJ resolution is the two types of crossovers. The modest bias that we observe toward type 2 resolution ( Figure 5 ) is in the directed toward type 1 resolution ( Figure 5 ) and mismatches in hDNA are repaired to restore parental allele same direction as the bias inferred for recombination in both the HIS4 and ARG4 genes (Gilbertson and ratios (see Foss et al. 1999 for discussion); however, single remote crossovers are produced by this mechaStahl 1996; Foss et al. 1999; references within). Its molecular basis has not been identified, although it has nism only if the hDNA formed is unidirectional or near-
